The induction of the Dopa decarboxylase gene (Ddc) in the epidermis of Drosophila at pupariation is a receptor-mediated response to the steroid molting hormone, ecdysone. Activity is also dependent on the Broad-Complex (BR-C), an early ecdysone response gene that functions during metamorphosis. BR-C encodes a family of zinc-finger protein isoforms, BR-C Z1-Z4 . Genetic experiments have shown that the Z2 isoform is required for epidermal Ddc to reach maximum expression at pupariation. In this paper, we report that BR-C regulates Ddc expression at two different developmental stages through two different cis-acting regions. At pupariation, BR-C acts synergistically with the ecdysone receptor to up-regulate Ddc. DNase I foot printing has identified four binding sites of the predominant Z2 isoform within a distal regulatory element that is required for maximal Ddc activity. The sites share a conserved core sequence with a set of BR-C sites that had been mapped previously to within the first Ddc intron. Using variously deleted Ddc genomic regions to drive reporter gene expression in transgenic organisms, we show that the intronic binding sites are required for Ddc expression at eclosion. At both pupariation and eclosion, BR-C releases Ddc from an active silencing mechanism, operating through two distinct cis-acting regions of the Ddc genomic domain at these stages. Transgenes, bearing a Ddc fragment from which one of the cis-acting silencers has been deleted, exhibit b-galactosidase reporter activity in the epidermal cells prior to the appearance of endogenous DDC. Our finding that BR-C is required for Ddc activation at eclosion is the first evidence to suggest that this important regulator of the early metamorphic events, also regulates target gene expression at the end of metamorphosis. q
Introduction
Drosophila metamorphosis is characterized by diverse developmental phenomena, including cell proliferation, tissue remodeling, cell migration, and programmed cell death. Cells undergo one or more of these processes in response to the steroid hormone 20-hydroxyecdysone (herein referred to as ecdysone) (Riddiford, 1993) . Ecdysone first interacts with a heterodimeric nuclear receptor, composed of the EcR and USP subunits encoded by the ecdysone receptor and the ultraspiracle genes respectively (Koelle et al., 1991; Yao et al., 1992; Thomas et al., 1993) . Like other nuclear receptors, EcR/USP acts as a liganddependent transcription factor that modulates the activity of hormone-responsive target genes (Mangelsdorf et al., 1995; Riddiford et al., 2000) . The hormone-receptor complex then activates a small set of 'early' polytene chromosome puffs. The products of these puffs are necessary, in turn, for the induction of a large number of 'late puffs' and the repression of the 'early' puffs themselves (Clever, 1964; Ashburner et al., 1974) . Extensive genetic, cytogenetic and molecular analyzes have shown that the Broad-Complex (BR-C), which is located within the limits of the early ecdysone-induced puff at 2B3-5 on the X chromosome, is a critical mediator of the ecdysone hierarchy because it is required in the regulation of intermolt, early, and late gene activities (Belyaeva et al., 1980; Karim et al., 1993) . Genetic functions carried by the BR-C gene are defined by mutations that comprise three groups of fully complementing alleles: broad (br), reduced bristle on palpus (rbp) and 2Bc (Belyaeva et al., 1980; Kiss et al., 1988) . Amorphic mutants lacking one of these functions die during metamorphosis at the late larval or early prepupal stages. Mutations that do not complement any of the other mutations define a group of non-pupariating (npr) alleles that correspond to a complete loss-of-function at the locus.
At the molecular level, approximately 100 kb of the genome is devoted to the BR-C locus (DiBello et al., 1991; Bayer et al., 1996) . It consists of 11 exons, at least www.elsevier.com/locate/modo two transcriptional start sites and four polyadenylation sites. Alternative splicing of long primary transcripts gives rise to a family of four related proteins. All isoforms share a common amino-terminal core region and a unique carboxy-terminus, which contains one of four pairs of zinc finger domains (Z1-Z4). The first 120 residues of the core region defines a highly conserved BTB/POZ (BroadComplex, tramtrack, bric à brac/poxvirus and zinc finger) domain often found in developmentally regulated transcription factors (Zollman et al., 1994) . The BTB/POZ domain apparently mediates protein-protein interactions (Bardwell and Treisman, 1994; Albagli et al., 1995) , which are involved in transcriptional regulation and chromatin remodeling (Dhordain et al., 1997; Huynh and Bardwell, 1998) . The complementation groups represent sub-functions corresponding to specific zinc-finger proteins: the rbp 1 function is carried by the Z1 isoform, the br 1 function by the Z2 isoform and the 2Bc 1 function by the Z3 isoform (Emery et al., 1994; Bayer et al., 1996 Bayer et al., , 1997 . Results of rescue experiments also support a partial functional redundancy between the different protein isoforms Sandstrom et al., 1997) . The protein-genetic function assignment is, however, incomplete, because no specific function has as yet been determined for the Z4 isoform.
BR-C protein products are widely distributed among all tissues examined in the late larval to prepupal stages of development. All tissues studied to date contain all BR-C isoforms (Huet et al., 1993; Emery et al., 1994; . Their relative abundance, however, differs greatly from tissue to tissue, suggesting that the various members (or combinations) of the BR-C family of proteins function in different developmental pathways. For example, Z1 and Z3 are the predominant isoforms expressed in late third instar larval salivary glands, while at the same stage Z2 predominates in imaginal discs. The relative ratios of zincfinger mRNA isoforms also change over time. Tested for induction in cultured imaginal discs, the Z2, Z3, and Z4 RNA isoforms accumulate to high levels at the beginning of the ecdysone response and abruptly disappear after several hours. In contrast, the Z1 RNA isoform continues to accumulate while the others decline, resulting in a switch in relative isoform levels. Thus, the expression of the four zinc-finger mRNA isoforms is dynamic, changing with time in a hormonally regulated sequence through the course of metamorphosis .
With the aim of further investigating the role of the BR-C protein isoforms as temporal regulators, we examined the requirement for BR-C in the expression of the Dopa decarboxylase gene (Ddc) as a model target gene. Control of Ddc during development involves several stage-specific regulatory hierarchies. Its expression in the epidermis at pupariation is that of a typical early-late ecdysone response gene Fig. 1 . Schematic diagram of the P[Ddc-lacZ] reporter constructs used in this paper. The epidermal-specific splicing pattern of the Ddc transcription unit is positioned on a restriction map of the 7.6 kb PstI genomic fragment which is sufficient for normal Ddc developmental expression. The sites and their positions relative to the Ddc transcription start site are BglII (B, 22711 bp), BsmI (Bs, 21427 bp), DraI (D, 1622 bp), EcoRI (R, 2382 bp), EcoRV (E, 2208 bp), HpaI (H, 1174 bp), PstI (P, 22993 and 14628 bp), ScaI (S, 22067 bp), and TaqI (T, 1839 bp). Reporter constructs extending upstream of the EcoRV site are shown above the map of the transcription unit; reporter constructs whose upstream limit is the EcoRV site are shown on the enlargement of the EcoRV-TaqI fragment beneath the transcription map. The five Z2 binding sites previously mapped within the first intron are shown above the line representing the enlarged region. (Ashburner and Richards, 1976) , under the control of both the ecdysone-receptor and BR-C (Clark et al., 1986; Hodgetts et al., 1995; O'Keefe et al., 1995; Chen et al., 2002) . A mutation in the br 1 function substantially reduced the level of DDC in the epidermis of mature third instar larvae, from which a role for the Z2 isoform was inferred. Since a recombinant Z2 protein bound to five sites within the first intron of the Ddc gene, we suggested that one or more of these sites was required for Ddc activity at pupariation . However, all four BR-C isoforms bound to the intron and many of the sites overlapped with one another. Thus, the functional significance of the intronic region was unresolved.
In this paper, we examined the functional significance of the intronic BR-C binding sites in the regulation of epidermal Ddc expression. To our surprise, we found that these sites are not necessary for Ddc activity at pupariation; instead, they are indispensable for the activation of Ddc at eclosion. The sites upon which maximal Ddc expression at pupariation depends lie within the 5 0 -upstream region of Ddc. The emerging picture is that BR-C is a critical regulator of target gene expression at several stages during metamorphosis: in addition to its synergistic interaction with the ecdysone receptor in the ecdysone-dependent events that occur at pupariation, our results show that BR-C also plays a role at eclosion, a stage controlled, at least in part, by a non-ecdysteroid hormone axis (Baker et al., 1999) .
Results

BR-C binding sites in the first intron are not necessary for epidermal Ddc expression at pupariation
Genetic experiments Bayer et al., 1997) make it clear that Ddc expression in the larval epidermis at pupariation is under control of the Z2 transcription factor. Furthermore, a recombinant protein carrying the Z2 zinc finger was shown to bind to five sites within a DraI-TaqI segment in the first intron . The DraI-TaqI fragment is included in the P-element plasmid P[Ddc-lacZ]ET in which lacZ expression is under the control of the intact EcoRV-TaqI fragment (extending from 2208 to 1839 bp) of the Ddc gene (Fig. 1) . This construct includes the functional ecdysone response element EcRE 297 , located between 297 and 283 bp, which is sufficient to confer a primary response on Ddc to ecdysone late in the wandering stage (Chen et al., 2002) . The construct does not contain a complete Ddc regulatory region, but because it is missing both a silencing and an activating domain (see later), reporter activity in transgenic lines carrying P[Ddc-lacZ]ET exhibit activity levels comparable to those seen in lines carrying a complete Ddc driver. In order to test whether the first intronic BR-C binding sites are functional in vivo, the level of b-galactosidase in three transformed lines carrying P[Ddc-lacZ]ET was compared in BR-C mutant and wild-type genetic backgrounds. Three BR-C mutants were chosen for this assay; br 5 and the null npr1 7 alleles have DDC levels less than one third normal at pupariation whereas rbp 4 mutants exhibit enzyme levels equivalent to the wild type . The recessive lethal BR-C mutations were maintained as female heterozygotes in stocks carrying the Xchromosome balancer, Binsn. Male flies of three transgenic lines (ET-1, ET-2 and ET-4), which carry an insertion of the reporter construct on their third chromosome, were crossed to female flies from the appropriate BR-C mutant stock. Mutant and wild-type organisms were collected and assayed as described in Section 4.1. In presenting the results, lacZ activity of mutant males is expressed as a percentage of the activity of the wild-type sibs segregating in the cross. Two independent collections of organisms were assayed and the results are shown in Fig. 2A line, but the activity is still well above the level of 22% of normal DDC seen in npr1 7 mutants . The absence of any mutant effects in br 5 or npr1 7 , the two alleles known to severely reduce DDC expression at pupariation, reveals that BR-C mediates its control of Ddc at this stage through a region not included in the first intron.
Deletions of the intronic BR-C binding sites result in no loss of reporter activity
The unexpected results of reporter activity just presented predict that little effect on reporter expression in the epidermis at pupariation would be expected upon the removal of the BR-C binding sites from the EcoRV-TaqI fragment. To confirm this, two deletions were introduced into P[DdclacZ]ET (Fig. 1 ). In the P[Ddc-lacZ]DInA construct, little other than the five Z2 binding sites was removed whereas P[Ddc-lacZ]DInB carries a larger intronic deletion. Seven transformed lines carrying P[Ddc-lacZ]DInA were recovered and the inserts were mapped unambiguously to a single chromosome. All these lines showed reporter expression in the epidermis of wandering third instar larvae as shown for P[Ddc-lacZ]DInA3 (Fig. 2B) . Because a silencing element, located within the 22067 to 21427 bp region, is missing in P[Ddc-lacZ]DInA, the lines exhibited precocious lacZ expression, prior to wandering, in both the epidermis and in one or more of the major imaginal disc groups (leg, wing/ haltere, eye/antennal) as we reported elsewhere (Chen et al., 2002) .
Eight lines carrying P[Ddc-lacZ]DInB were recovered and in the four that were analyzed in some detail, reporter activity similar to that just described, was observed. A typical preparation of the integument is shown for line P[DdclacZ]DInB1 in Fig. 2C . Since the pattern of b-gal activity in pupariating larvae of transformants carrying either of the intronic deletions was indistinguishable from that in P[Ddc-lacZ]ET-carrying lines (data not shown), we conclude that the intronic BR-C binding sites are dispensable for up-regulating Ddc activity in epidermal tissues at pupariation.
Identification of an upstream BR-C interacting region
In order to define the region through which the BR-C mediates up-regulation of Ddc in the epidermis of pupariating larvae, we crossed three sets of transformed lines carrying variously deleted Ddc 5 0 -upstream regions into BR-C mutant backgrounds and analyzed b-galactosidase activity (Fig. 3 ). All these reporter constructs shared a common downstream endpoint at a 1174 HpaI site. Reporter activity in line P[Ddc-lacZ]RH, in which lacZ was driven by the EcoRI-HpaI fragment, was unaffected by any of the three BR-C mutant alleles tested. This indicates that the cis-acting region lies upstream of the EcoRI site at 2382 bp. By contrast, transformants carrying an upstream region that extended to the BsmI site at 21427 bp showed definite allele-specific mutant effects on b-galactosidase activity. In both br 5 and npr1 7 mutant organisms, b-galactosidase activity dropped to about one third of the activity in rbp 4 mutants. Likewise, a transformant carrying the construct with an upstream endpoint at the 22067 bp ScaI site showed reduced activity in br 5 and npr1 7 mutants. These results confirm that the BR-C acts through a region between BsmI and EcoRI (21427 to 2382 bp) to up-regulate Ddc expression.
The BsmI-EcoRI fragment contains Z2 isoform binding sites
The 1044 bp BsmI-EcoRI fragment was subcloned into three contiguous sub-fragments and subjected to mobility shift experiments with the recombinant protein isoforms, BR-C Z1-Z3 , produced by overexpression in Escherichia coli and purified to 90% homogenity (Dubrovsky et al., 2001) . A 360 bp sub-fragment within the BsmI-EcoRI region (2743 to 2382 bp) showed extensive retardation by Z2 (Fig. 4) . The appearance of a higher mobility complex (lane 2) can be explained by the existence of multiple binding sites within the fragment (see below). The binding to this 360 bp probe was eliminated in the presence of a 50-fold excess of unlabelled fragment (data not shown) and additional binding studies revealed little Z2 binding occurred to the two other sub-fragments within the BsmI-EcoRI region.
Unlike the intronic BR-C binding region, within which tightly clustered binding sites of all four isoforms exist , the 360 bp probe exhibited no retardation with Z1 or Z3 (data not shown).
The 360 bp fragment was subjected to DNase I footprinting using the recombinant Z2 protein (Fig. 5) . Three obvious footprints were resolved on the non-transcribed strand (Fig. 5A ). These footprints were numbered beginning at the promoter proximal site. The extent of each footprint is shown beside the autoradiograph. Analysis of the non-transcribed strand (Fig. 5B) confirmed the existence of these three footprints. Within site 1, Z2 binding produced a band of DNase I cleavage in the middle (see corresponding arrowhead in Fig. 5A ). At site 3, Z2 binding protected a more extended area. When the sequences within the three footprints were aligned (Fig. 6) , footprint 3 revealed two binding sites, consisting of direct repeats separated by eight nucleotides. In previous studies of Sgs-4 (von Kalm et al., 1994) , L71-6 (Crossgrove et al., 1996) , hsp23 (Dubrovsky et al., 2001) , and the Ddc intronic BR-C binding sites , the BR-C isoforms bound a variable 9-12 nucleotide sequence that contained a conserved central core element. Here, we observed a similar pattern, with the central core element being a CTA triplet, perfectly conserved at all of the Z2 binding sites reported to date (Fig. 6) .
In order to confirm the functional importance of these Z2 binding sites in vivo, two deletions were introduced into the P[Ddc-lacZ]SH construct ( Fig. 1 ): P[Ddc-lacZ]SH-DBsR carried a deletion that removed the entire BsmI-EcoRI fragment; P[Ddc-lacZ]SH-DZ2 removed only the 360 bp subfragment that was used in the footprinting analysis. Transformed lines carrying these deletion constructs were crossed into BR-C mutant backgrounds and b-galactosidase activity was measured. None of the transformed lines exhibited the allele-specific mutant effect manifested by P[Ddc-lacZ]SHcarrying lines (data not shown). In both constructs, the failure to observe reduced reporter expression in the mutant genetic background confirms that these deletions remove a cis-acting region from the Ddc genomic DNA through which BR-C normally acts to drive lacZ expression.
EcRE 297 and BR-C binding sites are necessary to mediate the induction of Ddc
Between the early wandering stage and pupariation, reporter activity in P[Ddc-lacZ]SH-carrying transformed flies increased on average 16-fold (Fig. 7) . This is comparable to the endogenous Ddc induction at this stage. Recently we have identified an ecdysone response element, EcRE 297 , just upstream of the Ddc transcription start site that is required for full Ddc induction (Chen et al., 2002) . In order to determine whether the ecdysone-receptor complex and BR-C are both necessary to mediate the full induction, we constructed reporters (see Fig. 1 ), which eliminated EcRE 297 (P[Ddc-lacZ]SH-DEcRE), or the upstream BR-C binding sites (P[Ddc-lacZ]SH-DZ2), or both (P[DdclacZ]SH-DD). A deletion of either EcRE 297 or the Z2 binding sites reduced induction during wandering to about 3-fold (Fig. 7) , demonstrating the necessity of these regulatory elements. The double deletion totally abolished the induction at pupariation (Fig. 7) , and therefore both of these cisacting elements are required to mediate a full response. Each of the two essential regulatory sequences contributed a 3-fold induction. If the individual responses were additive, a 6-fold induction would have been expected. Since the intact regulatory region produced a 16-fold increase, the data suggest that the protein complexes that assemble on these two regions may functionally interact.
Identification of a silencing element(s) whose loss results in premature reporter expression in pharate adults
Since the removal of the entire set of intronic Z2 binding sites had no effect on epidermal Ddc expression at pupariation (Figs. 2B,C) , we examined whether these sites had any function in regulating Ddc expression at later developmental stages. DDC activity drops from the maximum at pupariation to a low basal level at about 60 h after puparium formation (Kraminsky et al., 1980) . However, the wing (Fig. 8A) , leg ( Fig. 8B ) and abdominal integument (data not shown) of transformed flies carrying P[Ddc-lacZ]ET all showed strong lacZ activity at this time. The precocious reporter activity seen in these lines leads to the conclusion that the endogenous Ddc gene is silenced in epidermal tissue during the pharate adult stage by an element(s) that lies outside of EcoRV-TaqI fragment. Since the larval silencing element located between 22067 and 21427 bp is missing in the P[Ddc-lacZ]ET construct, we tested whether transformants carrying P[Ddc-lacZ]BT (Fig. 1) , which includes the upstream silencer, exhibited precocious reporter activity in pharate adults. The genomic region driving reporter expression in this construct extends downstream from a BglII site located at 22.7 kb to the TaqI site within the first intron (Fig. 1) . Although transformants carrying this construct showed no precocious b-galactosidase activity in the larval epidermis (data not shown) nor in the imaginal discs (Figs.  8C,D) , they exhibited very strong hypodermal staining in pharate adults (Figs. 8E,F) . Since the PstI genomic fragment (Fig. 1 ) specifies proper control of Ddc activity during development (Scholnick et al., 1983) , and because silencing is disrupted in lines carrying the P[Ddc-lacZ]BT construct, which includes the Ddc promoter, its first exon and first intron, it can be inferred that the pharate adult silencer lies in the second intron or 3 0 -untranslated region. In its absence, reporter expression appears in the hypoderm about 30 h after pupariation, possibly activated by the large surge of ecdysone that occurs about this time (Kraminsky et al., 1980) .
Deletion of BR-C binding sites in the first intron results in loss of Ddc activity at eclosion
We observed a striking difference in Ddc-driven reporter expression at adult eclosion between lines carrying the Fig. 5 . DNase I footprinting analysis of the 360 bp fragment using Z2. The non-transcribed (A) and transcribed (B) strand probes were digested in the absence (2) or presence of an amount of recombinant Z2 protein that was increased from 100 to 400 ng. The DNA probes are schematically indicated relative to the Ddc transcriptional start site at the bottom. The arrowhead marks the DNase I hypersensitive band within footprint 1. Fig. 6 . The three Z2 footprinting sequences are aligned with those determined for Sgs4, hsp23, and the Ddc intron. Asterisks mark the conserved tri-nucleotide core sequence. The box indicates the direct repeats.
intact EcoRV-TaqI fragment and lines carrying the deletion that specifically removes all the BR-C sites (Fig. 9) . Both P[Ddc-lacZ]ET lines and P[Ddc-lacZ]DInA lines showed considerable precocious b-galactosidase activities in pharate adults (PA) due to the absence of the silencer described above. Nevertheless, b-galactosidase levels in the three P[Ddc-lacZ]ET lines increased almost 3-fold at newly eclosion (NE) while enzyme levels in the three P[Ddc-lacZ]DInA transformants declined from their preeclosion level. The rapid decrease in b-galactosidase activity in P[Ddc-lacZ]ET transformants following eclosion reflects a similar drop in activity of the endogenous Ddc gene at this stage (Kraminsky et al., 1980) . The differences in b-galactosidase activity between transformants carrying the two constructs disappeared between 48 and 120 h posteclosion.
The above data show that the 217 bp Ddc intronic region, containing the BR-C binding sites, is required to induce reporter expression in a manner that mimics the induction of the endogenous Ddc gene. To test the prediction that one or more of the BR-C RNA isoforms is present at this stage, a reverse transcriptase-polymerase chain reaction (RT-PCR) approach was used. Total RNA was isolated from whole organisms collected as white prepupae or as adults, within 1 h of eclosion. Isoform specific primers revealed that all four of the zinc finger classes could be detected at both stages (data not shown). Differences may exist in the relative amounts each isoform at the two stages but no attempt was made to make this analysis strictly quantitative.
Discussion
A mutation in BR-C br function substantially reduces the level of DDC in the epidermis of mature third instar larvae . Since the br 28 allele is caused by a transposon insertion into the Z2 DNA binding domain (DiBello et al., 1991) , we concluded that a product of the BR-C locus carrying this motif mediates the rapid appearance of DDC in mature larvae in response to an elevated titer of ecdysone. Both the transcript and a protein carrying the Z2 DNA-binding domain are present in the epidermis and a BR-C recombinant protein carrying the Z2 finger binds to five sites within the first intron of the Ddc gene . In this paper we tested whether these BR-C binding sites mediate Z2 action in vivo and to our surprise, found that all five sites are dispensable for Ddc induction at pupariation. Instead, deletion of these sites resulted in loss of induction at eclosion, suggesting that these sites play an important role in mediating BR-C function at this stage.
The cis-acting element through which BR-C regulates Ddc expression at pupariation was mapped between 2743 and 2382 bp. The four Z2 recombinant protein binding sites, located in this region, shared a perfect conserved triplet core sequence among themselves and with those present at other BR-C regulated genes. Consensus DNAbinding sequences have been defined for each of the four isoform-specific zinc-finger domains. Despite the many possible binding sites that exhibit the consensus core sequences within the 360 bp region between 2743 and 2382 bp, no binding of the BR-C protein isoforms other than Z2 was detected. The variability of these A/T-rich sequences suggests that along with the zinc-finger domain, additional determinants on the protein are important for specific DNA recognition. One such determinant could be the BTB/POZ domain that is present in all BR-C isoforms. The crystal structure of the BTB domain of PLZF (promyelocytic leukemia zinc finger) was determined and revealed to form a homodimer (Ahmad et al., 1998) . The domain mediates a functionally relevant dimerization in vivo, promoting strong co-operative DNA binding to multiple sites (Bardwell and Treisman, 1994) . BTB/POZ domains are thus likely to play a critical role in targeting proteins to specific sites.
Recombinant BR-C protein isoforms are known to bind to several target genes in Drosophila, including L71-6 (Crossgrove et al., 1996), hsp23 (Dubrovsky et al., 2001) , Sgs-4 (von Kalm et al., 1994) and rpr (Jiang et al., 2000) . Furthermore, antibodies directed against the core domain of the BR-C proteins bind to more than 300 sites on salivary gland polytene chromosomes (Gonzy et al., 2002) , indicating a large battery of target genes exists for the proteins encoded by the locus. However, care must be exercised in the interpretation of in vitro BR-C binding. In the case of Sgs-4, where BR-C is required for normal activation in mid-third instar larvae (von Kalm et al., 1994) , mutation or deletion of the BR-C isoform binding sites from a reporter construct, eliminated activity. However, the mutations also altered Fkh binding sites that are required for up-regulation of Sgs-4 expression. Since BR-C proteins are present at 98D, the cytogenetic region that includes fkh, it has been suggested that BR-C controls Sgs-4 indirectly via its control of fkh (Renault et al., 2001) . Because the deletion of the BR-C binding sites in the P[Ddc-lacZ]SH-DZ2 construct encompassed little more than the domain of the BR-C binding sites themselves, we feel that the failure to up-regulate Ddc activity in lines carrying this construct (Fig. 7) , is most likely caused by the loss of the normal binding of Z2 to this region.
Eclosion resembles the first three molts during development in that the peak of DDC activity occurs after the ecdysone titer has dropped from a maximum attained earlier (Kraminsky et al., 1980) . However, unlike the early molts where the independence of Ddc induction from BR-C can be inferred, since none of the BR-C mutants die at these molts, DDC activity at eclosion is dependent on BR-C binding sites in the first intron. The low titer of ecdysone at eclosion makes it very unlikely that BR-C participates in the kind of co-operative interaction with the ecdysone receptor that we envision at pupariation (Chen et al., 2002) . In fact, BR-C transcription itself could occur in an ecdysone-independent fashion at eclosion. The developmental cues that control eclosion have not been studied in much detail. However, it appears that an entirely different hormonal regime from that which directs the onset of metamorphosis operates. It is based on the eclosion hormone (EH) whose presence is required for eclosion in Drosophila (Baker et al., 1999) . In pharate adults, the final release of EH occurs approximately 40 min before ecdysis. How it might control the BR-C-dependent epidermal gene cascade in which Ddc is a target remains a subject for further investigation.
We detected all four BR-C isoform transcripts at eclosion and the regulatory domain in the first Ddc intron, which we have defined in this study, contains binding sites for all four of the BR-C recombinant proteins . Thus, it is possible that a BR-C isoform other than Z2 is responsible for the Ddc activation at eclosion. Switches in isoform expression do occur during Drosophila development. In cultured imaginal discs, there is an isoform switch from accumulations of Z2, Z3 and Z4 to Z1, 6 h after incubating discs with ecdysone . A switch is also seen at puparium formation, where Z1 replaces Z2 (Emery et al., 1994) . These observations suggest that different isoforms could be involved in the temporal control of a downstream target gene and Z2, which up-regulates Ddc activity during pupariation, may be replaced by one of the other isoforms at eclosion.
The finding that the Ddc gene is actively repressed in pharate adults by what we call the downstream silencer, was an unexpected finding in this work. It is however, quite reminiscent of our discovery of an upstream cis-acting sequence that silences Ddc prior to pupariation (Chen et al., 2002) . The rise in titer of ecdysone, which begins 18-19 h after puparium formation (APF), results in the apolysis of the pupal cuticle. In the absence of the downstream silencer, Ddc activity would appear prematurely in the epidermal tissue, as evidenced from transformants carrying P[DdclacZ]BT, which start to show lacZ staining at this time (data not shown). Formation of the adult cuticle commences well after the apolysis of the pupal cuticle and after the cellular morphogenesis that produces bristles and hairs (Reed et al., 1975; Mitchell et al., 1983; Roter et al., 1985) . The onset of adult cuticulin deposition occurs 15-25 h after the peak in hormone titer. Moreover, even when cuticulin deposition begins, it is protracted over a 10-15 h period. This deliberate pace of cuticulin deposition provides additional time for morphogenesis. Deposition of most procuticle components occurs between 55 and 80 h APF when the titer of ecdysone is falling or is low. Thus, repression of Ddc in the epidermis insures that tanning and hardening of the adult cuticle does not occur until after this extended period of adult cuticle deposition and maturation. Release of Ddc from the repressed state might be triggered by the falling ecdysone titer, as DDC activity starts to rise 80 h APF.
The identity of the repressor that acts through the downstream silencer remains to be worked out. Genetic and transgenic analysis of BR-C regulation of downstream genes shows that different BR-C isoforms can have opposite regulatory effects on the same target gene. In one case, the Z3 isoform activates the larval fat body-specific expression of the Fbp-1 gene and the Z2 protein represses it (Mugat et al., 2000) . In another case, Z3 acts as a repressive isoform for the expression of a salivary gland specific gene Sgs4, while Z1 activates it . Thus, the switch from one predominant isoform to another may mediate the precise temporal control of target genes. Although the sensitivity of the Northern analysis used to detect BR-C expression needs to be addressed, we feel that the absence of BR-C mRNA during the pharate adult stage (Zhou and Riddiford, 2002) , makes it unlikely that an isoform of BR-C functions as a repressor during this stage.
Materials and methods
Drosophila crosses
Stocks used in this study were maintained at 25 8C on a standard cornmeal/molasses medium. BR-C mutant chromosomes marked with yellow (y) were carried in females balanced over Binsn, an X-chromosome carrying the markers Bar and singed. Male flies of transgenic lines carrying autosomal P-element insertions were crossed to BR-C mutant female flies. Male larvae were collected as white prepupae. Mutant larvae were distinguished from their wild-type sibs by the reduced pigmentation of their denticle belts and mouth parts. Developmental arrest of the br 5 mutants occurred at puparium formation and the organisms failed to tan the larval cuticle or evert their imaginal discs. The rbp 4 mutants arrested development somewhat later in the pupal or pharate adult stages. The npr1 7 animals never pupariated and eventually died after several days as wandering third instar larvae; in this case the males were collected as immobile third instar organisms.
Plasmid construction
The extent of the Ddc region driving lacZ expression in the lacZ reporter plasmids used in this study is shown in Fig.  1 . The assembly of P[Ddc-lacZ]ET, P[Ddc-lacZ]SH, P[Ddc-lacZ]BsH, and P[Ddc-lacZ]RH has been described elsewhere (Chen et al., 2002) . P[Ddc-lacZ]BT, P[DdclacZ]DInA, and P[Ddc-lacZ]DInB were derivatives of P [CaSpeR-AUG-b-gal] , which carries a lacZ reporter gene in a translational fusion with a fragment from the Adh gene that excludes the promoter and transcription initiation site (Thummel et al., 1988) . Into this vector we cloned fragments from the Ddc genomic region that included its transcription start site. P[Ddc-lacZ]BT extended downstream from the BglII site located at 22.7 kb to a TaqI site within the first intron. The BglII-TaqI fragment was amplified using two primers: 5 0 -GGGATC-CAGGTCATCA-GATCTCATCGTAT-3 0 (forward) and 5 0 -CGGGATCCTCGAATGGTTAGAGCTAATATG-3 0 (reverse). BamHI recognition sites (underlined) were included in the primers to facilitate subsequent cloning. The product amplified by Pfu (Stratagene) was inserted into the EcoRV site of pBluescript and subsequently subcloned into P[CaSpeR-AUG-b-gal] as a BamHI fragment. The desired orientation was confirmed by PCR. P[Ddc-lacZ]DInA and DInB carried different deletions of the BR-C binding sites within the first Ddc intron. These were introduced into the EcoRV-TaqI fragment after it had been modified to include two unique restriction sites: a KpnI site at position 1586 bp followed by a NotI site, six bases further downstream. These restriction sites were introduced by in vitro mutagenesis of the Ddc genomic sequence using Muta-Gene (Bio-Rad) and facilitated the introduction of the deletions, using Erase-A-Base (Promega). The constructs were sequenced to ascertain their exact endpoints; plasmid P[Ddc-lacZ]DInA carried a deletion between 1581 and 1798 bp and plasmid P[Ddc-lacZ]DInB carried a deletion between 1268 and 1839 bp. All other plasmids used in this paper were assembled from pPelican, a derivative of p[CaSpeR-AUG-b-gal] that carries a gypsy insulator on either side of the lacZ reporter gene (Barolo et al., 2000) . The reporter plasmid carrying the BsmI-EcoRI deletion within the ScaI-HpaI fragment (P[Ddc-lacZ]SH-DBsR) was created by inverse PCR using the ScaI-HpaI insert in pBluescript SK(1) (Chen et al., 2002) as the template and primers: 5 0 -AAGTATTTC-TCCGCTTATAGG-3 0 (21446 to 21427 bp) and 5 0 -GGAAGCACGTGAGCAGAAT-3 0 (2379 to 2398 bp).
The desired fragment was released from this plasmid as a PstI-KpnI fragment and subcloned into pPelican. The P[Ddc-lacZ]SH-DZ2 construct was made in similar way by inverse PCR amplification of the ScaI-HpaI insert in pBluescript SK(1) using the primer pair: 5 0 -GGCCGGAATTTCA-AAATTCA-3 0 (2813 to 2794) and 5 0 -GGAAGCACGTGAGCAGAAT-3 0 (2379 to 2398 bp).
To make the DEcRE deletion, the EcoRV-NcoI fragment from the ScaI-HpaI insert in pBluescript SK(1) was replaced with the EcoRV-NcoI fragment from P[DdclacZ]ET-DEcRE (Chen et al., 2002) . The resulting SHDEcRE in pBluescript was released as a PstI-KpnI fragment and subcloned into pPelican. P[Ddc-lacZ]SH-DD was made by inverse PCR amplification of pBluescript SH-DEcRE using the same primer pair as to make P[Ddc-lacZ]SH-DZ2. Again, the resulting SH-DD in pBluescript was released as a PstI-KpnI fragment and subcloned into pPelican.
Gel mobility shift assays
Mobility shift assays using the EcRE 297 probe were carried out as before (Chen et al., 2002) . Receptor protein was generated in vitro from the expression vectors CMXEcR-B1 and CMX-USP (Yao et al., 1992 ) that were used as templates for coupled transcription/translation in a rabbit reticulocyte lysate (Promega). The translated proteins were incubated in binding buffer, which contained 100 mM KCl, 7.5% glycerol, 20 mM HEPES (pH 7.5), 2 mM dithiothreitol and 0.1% NP-40, on ice for 20 min in the presence of 2 mg of non-specific competitor poly(dI-dC) and 100 ng of Z2 protein (^the 360 bp sub-fragment DNA as indicated in Fig. 4) . Approximately 1 ng of the 32 P end-labeled EcRE 297 probe (10 8 cpm/mg) was added to the receptor protein mixture and the binding reaction was allowed to proceed at room temperature for 20 min. Alternatively, the ecdysone receptor was incubated with the EcRE 297 probe on ice for 20 min before the addition of the Z2 protein (^the 360 bp subfragment).
Recombinant BR-C proteins (von Kalm et al., 1994) were used in mobility shift assays as described elsewhere . Ddc DNA fragments from the regions of interest were subcloned into pGemT-EASY (Promega) through PCR amplification using primers that contained an AvaI site at the 5 0 end. The AvaI fragment was released from the vector by digestion and purified from a 1.2% agarose gel, labeled by end-filling the restriction sites using Klenow and purified using a QIAEX II kit (Qiagen). Binding was carried out for 60 min on ice with 4-6 £ 10 4 cpm of the labeled probe, 2 mg of non-specific competitor poly(dI-dC), and up to 200 ng of BR-C protein in a 20 ml reaction volume containing 50 mM KCl, 10% glycerol, and 20 mM Tris-HCl (pH 7.5). The reaction was then loaded on a 4% non-denaturing polyacrylamide gel in a 0.5 £ TBE running buffer. After electrophoresis, the gel was dried for autoradiography.
DNase I footprinting analysis
Recombinant BR-C Z2 protein was produced in E. coli and purified as described in von Kalm et al. (1994) . A 360 bp Ddc DNA fragment that covered the region of interest was amplified with primers that contained AvaI sites at either end and subcloned into pGemT-EASY (Promega). The PCR fragment was released with AvaI and SacII digestion, labeled by end-filling the AvaI site using Klenow and purified using QIAEX II (Qiagen). DNase I footprinting analysis was performed as described (Dubrovsky et al., 2001) . Purified protein (100-400 ng) was incubated with the labeled DNA fragment (4-6 ng) for 30 min at room temperature in 50 ml of 25 mM HEPES, pH 7.9, 50 mM KCl, 6 mM MgCl 2 , 0.05 mM EDTA, 0.5 mM DTT, 10 mM ZnSO 4 , 2% PVA, 5% glycerol, and 10 mg/ml of poly(dIdC). After incubation, 50 ml of DNase I (2 mg/ml in 5 mM CaCl 2 , 10 mM MgCl 2 ) was added and digestion was allowed to proceed for 2 min at room temperature. The reaction was terminated with an equal volume of stop solution (0.2 M NaCl, 1% SDS, 20 mM EDTA, 250 mg/ml tRNA). DNA samples were precipitated with ethanol, fractionated on a standard sequencing gel and visualized by autoradiography. The positions of the footprints on the genomic sequence were obtained from a sequencing ladder, generated by using a Thermo Sequenase Cycle Sequencing Kit (Amersham Biosciences Corp), and run beside the DNase I footprinting lanes. The primer used in the sequencing reaction shared the same 5 0 -end as the footprinting probe.
Germline transformations
Injections were carried out as described previously (Spradling and Rubin, 1982) with slight modification. Embryos (0-1 h) of the yw genotype were collected from 2% agarose plates smeared with live yeast paste and then dechlorionated for 45-60 s using 50% Javex bleach. They were arranged for injection on an agarose plug and then transferred to a microscope slide coated with glue for injection. A DNA mixture of 10 mg of each construct and 2 mg of the pUChsDelta2-3 helper vector was precipitated and dissolved in 10 ml of water, prior to injection. The needles used for the injections were drawn using a Model P-87 Fleming/Brown micro-pipette puller (Sutter Instrument Co).
Histochemical assays
Staining of the integument and the imaginal discs for lacZ activity and the measurement of b-galactosidase activity on crude extracts were carried out as described elsewhere (Chen et al., 2002) .
